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Abstract 
We introduce a novel biosensor concept, which employs hybrid nanoparticles consisting of magnetic nanorods encapsulated by 
noble metal shells. These nanoparticles have the potential to directly signal the presence of analyte molecules in the sample 
solution via inducing a change in their rotational dynamics on analyte binding, thus circumventing the need of extensive sample 
SUHSDUDWLRQ:KLOHWKHQDQRSDUWLFOHV¶PDJQHWLFFRUHVHQDEOHURWDWLRQLQDQH[WHUQDOPDJQHWLFILHOGWKHLUVKHOOVDUHXVHGWRmonitor 
their rotational dynamics through the excitation and observation of longitudinal plasmon resonances. We present model 
calculations on the aspired properties of suitable core-shell nanorods and first experimental results proofing the principle of this 
measurement method for plain Co-nanorods excited by a rotating magnetic field. 
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1. Introduction 
Homogeneous detection methods generally prevent many of the problems intrinsic to heterogeneous surface 
transducer biosensors, i.e. steric hindrance, limited diffusion and, when required, also the removal of excess labels 
from the surface. These issues can be avoided by directly detecting the target molecules within the bulk sample 
solution [1]. Known examples of nanoparticle based homogeneous immunological detection methods include single-
component noble metal nanoparticles and magnetic nanoparticles. In the former case, the wavelength of the 
nanoparticles¶ plasmon resonances is red-shifted on the adsorption of target molecules [2], while in the latter case, 
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the Brownian relaxation time increases for nanoparticles with bound target molecules due to their increased 
hydrodynamic diameter [3]. While both methods have been proven to be successful, the achieved sensitivities are 
comparably low. In the case of noble metal nanoparticles, this is attributed to the rather small spectral shift of the 
plasmon resonance, while magnetic relaxation time measurements suffer from the low magnetic moment generated 
by reasonable particle concentrations. 
2. Biosensor concept and aspired nanoprobe properties 
Our homogeneous biosensor concept relies on hybrid magnetic core / Au-shell nanoparticles and allows sensitive 
plasmon-optical readout of their magnetic relaxation behaviour µ3ODV0DJ¶. Compared to state-of-the art relaxation 
biosensors employing magnetic readout, the large cross sections of nanoparticles supporting localized plasmon 
resonances is expected to decrease the required nanoparticle concentration in the sample solution by more than four 
orders of magnitude [4], which directly translates into an improved limit of detection for biomedical diagnosis. 
Fig. 1: µ3ODV0DJ¶ concept sketch: The phase lag angle ĳof nanorods following a magnetic field rotating in the plane 
perpendicular to the propagation direction of linearly polarized incoming light is detected via anisotropic plasmon resonance 
H[FLWDWLRQZLWKLQWKHQDQRURGV¶QREOHPHWDOVKHOOs. 
 
The µ3ODV0DJ¶principle is sketched in Fig. 1 [5]. The signal generated by the nanoprobes is an increase of their 
Brownian relaxation time on binding analyte molecules, which is measured optically via anisotropic plasmon 
excitations. This requires complex multi-component nanoprobes that combine both magnetically and optically 
anisotropic properties. A suitable type consists of an elongated core-shell structure with magnetic core and noble 
metal shell. Thereby, the magnetic core enables manipulation of the nanorods¶ alignment by external magnetic 
fields, while the orientation-dependent excitation of the longitudinal plasmon mode of their anisotropic noble metal 
shell in polarized light allows optical detection of the actual nanoprobeV¶ alignment by extinction or scattering 
measurements. For the sketched measurement mode, the biosensor signal is the phase lag of the mean nanorod 
alignment with respect to a rotating magnetic field, which is a measure of their hydrodynamic drag in the carrier 
solution and increases upon the adhesion of analyte molecules. In order to determine the optimum shape and 
composition of our targeted core-shell nanorods, the following desired properties have to be taken into account: 
 spectral position of the longitudinal plasmon excitation should be in the transmissive window of whole blood 
 high degree of nanorod alignment within the sample solution for medium scale magnetic fields 
 large difference in phase lag when analyte molecules bind to the nanorod surface 
These requirements can be met by a nanorod consisting of a cobalt (Co) core with 6 nm diameter and 80 nm 
length coated by a 5 nm thick layer of gold (Au). In Fig. 1, discrete dipole approximation calculations [6] of the 
extinction cross section of such a core-shell nanorod are shown for different aQJOHVRIWKHQDQRURG¶VORQJD[LVZLWK
respect to the polarization axis of the incoming light. The complex refractive index values for Au and Co required as 
input for these calculations are taken from [7], and the nanorod is immersed in water as medium with a real 
refractive index of 1.333. The resulting longitudinal plasmon peak lies well in the optically transmissive window of 
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whole blood, which opens up the possibility to carry out diagnosis without the need of any sample preparation for 
certain applications. Furthermore, the extinction difference between perpendicular and parallel nanorod alignment 
reaches more than a factor of 250, thus guaranteeing large signal amplitudes. 
In order to attain this factor experimentally, the field strength has to be large enough to assure a high degree of 
nanorod orientation. Their average alignment in solution in field direction is governed by the Langevin function [8], 
and reaches ~90 % for an applied field strength of 12.5 mT for these core-shell nanorods, which is easily established 
experimentally by common Helmholtz coil arrangements. 
The phase lag Π of nanorods with length L and diameter d following a magnetic field of magnitude B rotating 
with frequency f within a fluid of dynamic viscosity ΋ is governed by the equilibrium of the exciting magnetic 
WRUTXHĲm DQGWKHUHVLVWLYHIOXLGGUDJWRUTXHĲd [9]: 
 
Ĳm = m B sin(Π) = 2Δ f ȟ = Ĳd   with URWDWLRQDOGUDJFRHIILFLHQWȟ = Δ ΋ L3 C / 3 and  C = [ln(L/d)-0.662]-1        (1) 
 
7KHFRUUHFWLRQFRHIILFLHQW&GHSHQGVRQ WKHF\OLQGHU¶VDVSHFW ratio and takes the form above for our nanorods 
[10]. Even at frequenFLHV XS WR VHYHUDO N+] WKH QDQRURG¶V 5H\QROGV QXPEHU LV VWLOO RI WKH RUGHU RI -5, thus 
assuring laminar flow and applicability of the rotational drag coefficient term expressed in (1). 
By modeling the immobilization layer (5 nm) and the analyte layer as additional shells of the nanorod, we expect 
an increase of the phase lag from initially 20° to 35° for a full surface coverage with 5 nm large analyte molecules 
for a magnetic field rotating at 2 kHz with magnitude 12.5 mT. In case of partially covered nanorods (20 %), the 
phase angle difference still amounts to 3°, which is well resolvable by lock-in techniques. Even when taking into 
account typical size distributions of real nanorod ensembles, these relative phase shifts stay almost unchanged. 
3. Optical properties of Co-nanorods in magnetic fields 
While we currently strive to realize our aspired hybrid core-shell nanorods, plain Co-nanorods dissolved in 
toluene solution serve as model system to verify the µPlasMag¶ detection principle. Though plain Co-nanorods 
posses a scattering cross section at least two orders of magnitude lower than Au-covered nanorods, their optical 
anisotropy in polarized light is sufficient to optically detect their mean orientation in the solution. These particles are 
synthesized by our collaboration partner K. Soulantika employing an organometallic approach. Modification of the 
reaction conditions permits the regulation of their mean length between 40 and 200 nm, while their diameter is 
always around 6 nm. The nanorods grow as single hcp crystals with the c-axis oriented along the long cylinder axis, 
and they are ferromagnetic at room temperature with saturation magnetization close to the bulk value of Co [11]. 
The measurement setup for optical detection of the rotational dynamics of anisotropic magnetic nanorods consists 
of two perpendicular Helmholtz coils generating the rotating magnetic field, a cuvette containing the particle 
VROXWLRQDW WKHFRLOV¶FHQWHUDQGDILEHU-optical extinction measurement setup consisting of a laser diode with high 
polarization extinction ratio (30 dB) at 1064 nm and a photoreceiver. 
Typical results of such extinction measurements are shown in Fig. 2a. The blue line denotes the reference signal 
indicative of the rotating magnetic field, which is proportional to the current through the Helmholtz coil oriented 
SHUSHQGLFXODUWRWKHODVHU¶VSRODUL]DWLRQGLUHFWLRQ7KHEODFNOLQHLQGLFDWHVWKH$&-part of the photoreceiver output, 
which is frequency-doubled due to the symmetry of the nanorods. Thus, the phase lag RI WKHQDQRURGV¶ ORQJD[LV
RULHQWDWLRQUHODWLYHWRWKHURWDWLQJPDJQHWLFILHOGUHIHUVWRWKHGLIIHUHQFHEHWZHHQWKHUHIHUHQFH¶V]HURFURVVLQJDQG
the minimum of the photoreceiver output. Both amplitude and phase lag are read out by a lock-in amplifier. 
Fig. 2b shows the frequency-dependence of the AC photoreceiver amplitude for three different magnitudes of the 
URWDWLQJ PDJQHWLF ILHOG ZKLFK LV SURSRUWLRQDO WR WKH QDQRURGV¶ H[WLQFWLRQ DQLVRWURS\ EHWZHHQ SDUDOOHO DQG
perpendicular alignment relative to the ODVHU¶V SRODUL]DWLRQ GLUHFWLRQ ,Q WKH KLJK-frequency limit, the amplitudes 
reach field-GHSHQGHQW VDWXUDWLRQ OHYHOV ZKLFK FDQ EH XQGHUVWRRG E\ PRGHOLQJ WKH QDQRURGV¶ SRODUL]DELOLWLHV LQ
dependence of their average magnetic orientation according to [12]. For our nanorods, the amplitude relations for 
the three different field magnitudes can be reproduced by assuming a 1.5 nm thick oxide layer, thus leaving only 3 
nm of magnetic core diameter. The amplitude increase at low field frequencies can be understood by assuming chain 
formations of the nanorods under influence of the external field, which break up at higher rotation frequencies. 
Applying the same model and assuming rigid chains of a medium number # of nanorods, this amplitude increase can 
be reproduced (see blue squares projected onto the amplitude curve for 5 mT, normalization of modeled intensity 
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difference to chain length one at high frequencies). These agglomerate formations also affect the evolution of the 
QDQRURGV¶SKDVHODJV:KLOHWKHDUFVLQIUHquency-dependence expected from (1) is observed in the high frequency 
limit, both the dependence on the field amplitude and the low-frequency behavior are still subject to further 
modeling and cannot be fully explained yet. 
Fig. 2: a) Photoreceiver output (black line) for a Co-nanorod solution (90 nm length, 15 µg/ml) following a rotating magnetic 
field (blue line, 10 mT @ 630 Hz). b) Photoreceiver output in dependence on field frequency and magnitude. 
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